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The self–energy of the strange baryon Λ in 17O is calculated using a microscopic many–body
approach which accounts for correlations beyond the mean–field or Hartree–Fock approximation.
The non-locality and energy-dependence of the Λ self–energy is discussed and the effects on the
bound and scattering states are investigated. For the nucleon–hyperon interaction, we use the
potential models of the Ju¨lich and Nijmegen groups.
I. INTRODUCTION
Hypernuclear physics has received a lot of attention since the early emulsion and bubble chamber experiments [1]
aimed at establishing how the presence of a new flavor (strangeness) broadens the knowledge achieved by the con-
ventional field of nuclear physics and helps in understanding the breaking of SU(3) symmetry. Although major
achievements in hypernuclear physics have been taken at a very slow pace due to limited statistics, the in–flight
(K−, pi−) counter experiments carried out at CERN [2,3] and Brookhaven [4] revealed a considerable amount of hy-
pernuclear features, such as small spin–orbit strength, increased validity of single–particle motion of the Λ, narrow
widths of Σ–hypernuclei, etc, injecting a renewed interest in the field. Since then, the experimental facilities have been
upgraded and experiments using the (pi+,K+) and (K−stopped, pi
0) reactions are being conducted at the Brookhaven
AGS and KEK accelerators with higher beam intensities and improved energy resolution. Moreover, the photo– and
electro–production of strangeness will be studied at CEBAF [5]. It is expected that the new improved experimental
data will bring the field of hypernuclear physics to a stage in which major advances can be made.
From the theoretical side, one of the goals of hypernuclear research is to relate the hypernuclear observables to the
bare hyperon-nucleon (Y N) interaction. The experimental difficulties associated to the short lifetime of hyperons and
low intensity beam fluxes have limited the number of ΛN and ΣN scattering events to less than one thousand [6–10],
not being enough to fully constrain the Y N interaction. At present, there are two meson-exchange Y N potentials:
that of the Nijmegen group [11], where the corresponding baryon–baryon-meson vertices are subject to strict SU(3)
symmetry, and that of the Ju¨lich group [12], which assumes a stronger SU(6) symmetry and therefore all the coupling
constants at the strange vertices can be related to the NN coupling constants. Although both models are able to
describe the Y N scattering data, their spin–isospin structure is very different. Therefore, more data on Y N scattering,
especially the measurement of spin observables, are highly desirable. In the lack of such data, alternative information
can be obtained from the study of hypernuclei. One possibility is to focus on light hypernuclei, such as 3ΛHe,
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ΛH and
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ΛHe, which can be treated “exactly” solving 3-body Faddeev [14,15] and 4-body Yakubovsky [16] equations. However,
the power of these techniques is limited by the scarce amount of spectroscopic data. Only the ground state energies
and a particle–stable excited state for each A=4 species can be used to put further constraints on the Y N interaction.
Another possibility is the study of hypernuclei with larger masses. They can be reasonably well described by a
shell–model picture and, on the other hand, provide a substantial amount of hypernuclear excited states. Obtaining
spectroscopic data at high resolution is one of the ultimate goals of the hypernuclear program at CEBAF. Hypernuclear
structure calculations must be performed with an effective Y N interaction (G–matrix) obtained from the free Y N
potential by solving a Bethe–Goldstone equation. The comparison with data will help to elucidate which pieces of of
the bare Y N potential need to be changed for a better agreement with experiment. Some shell–model calculations
have already been performed using a nuclear matter Y N G–matrix [17,18] or a G–matrix calculated directly in finite
nuclei [19,20]. It has been observed that the various potentials predict a quite different positioning of the excited
energy levels, showing the suitability of this approach as a tool to constrain the Y N interaction.
The aim of this work is to study the self-energy of the Λ in 17Λ O using a microscopic many–body approach. Our starting
point is a nuclear matter G–matrix at a fixed energy and density, which is used to calculate the G–matrix for the finite
nucleus including corrections up to second order. This second–order correction, which assumes harmonic oscillator
states for the occupied (hole) states and plane waves for the intermediate unbound particle states, incorporates the
correct energy and density dependence of the G–matrix. The hypernuclear structure calculations of Ref. [18] take the
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nuclear matter G–matrix at the Fermi momentum kF (density) that reproduces the binding energy of the Λ in the
hypernucleus under study. Our second order finite nucleus calculation eliminates the need to choose such an effective
Fermi momentum for each single-particle state and hypernucleus. In this sense it is comparable with the finite nucleus
calculations of Refs. [19] and [20].
Using this G–matrix we determine a self–energy for the Λ, which is non–local and depends on the energy of the
hyperon. Solving the Schro¨dinger equation with this self–energy we are able to determine the single particle energies
and wave functions of the bound hyperon. Our approach also provides automatically the real and imaginary part
of the hyperon optical potential at positive energies and, therefore, allows to study the hyperon–nucleus scattering
properties. Because of the large momentum transfer, the (γ,K+) reaction at CEBAF [21] and (pi+,K+) reaction
at KEK [22] give rise to a significant quasifree production, i.e. hyperons in the continuum. The hyperon may then
scatter from nucleons or nuclei composing the target material. It is then clear that, in order to analyze such data,
a knowledge of the hyperon–nucleus optical potential will be useful and, at present, very few calculations exist. In
Ref. [23], an energy dependent local Λ-nucleus potential is calculated from a nuclear matter G–matrix by applying
a finite range Local Density Approximation. The hyperon–nucleus optical potential has also been derived from the
nucleon–nucleus potential using Dirac phenomenology and symmetry considerations to relate the coupling constants
in the strange sector to the non-strange ones [24].
In Section 2 we outline our method to calculate the self–energy of the Λ in a finite nucleus and discuss how it is
used in a Schro¨dinger equation to derive the corresponding eigenvalues and single–particle properties. Our results are
presented in Section 3 with a special emphasis on the discussion of the non-locality and energy-dependence of the Λ
self–energy. Some concluding remarks are given in Section 4.
II. COMPUTATIONAL DETAILS
A. Evaluation of the Λ self-energy
The self–energy of the Λ is evaluated including the diagrams displayed in Fig. 1. The wiggly interaction lines in this
figure refer to a G–matrix approach for the Y N interaction in nuclear matter calculated at a fixed baryon density and
starting energy. Therefore, as a first step, we calculate this GY N–matrix in a basis for the two-particle states defined
in terms of relative and center-of-mass momenta
k =
MNkY −MY kN
MN +MY
,
K = kN + kY ,
where MN is the nucleon mass and MY the mass of the hyperon which can be either a Λ (MΛ) or a Σ (MΣ). The use
of an angle–averaged Pauli operator, see e.g. Ref. [13], allows us to perform a partial wave decomposition. In terms
of the quantum numbers of the relative and center–of–mass motion (RCM) the Bethe-Goldstone equation reads
〈k′l′KL(J )STz|GY N |k′′l′′KL(J )S′Tz〉 =
〈k′l′KL(J )STz|VY N |k′′l′′KL(J )S′Tz〉
+
∑
l
∑
Y=ΛΣ
∫
k2dk 〈k′l′KL(J )STz|VY N |klKL(J )S′Tz〉
× 〈klKL(J )STz|GY N |k′′l′′KL(J )S′Tz〉
× Q(k,K)
ωNM − K22(MN+MY ) −
k2(MN+MY )
2MNMY
−MY +MΛ
, (1)
where Q is the nuclear matter Pauli operator, VY N is the Y N potential, and ωNM is the nuclear matter starting
energy. The variables k, k′, k′′ and l, l′, l′′ denote relative momenta and angular momenta, respectively, while K
and L are the quantum numbers of the center-of-mass motion. Further, J , S and Tz represent the total angular
momentum, spin and isospin projection, respectively. In our calculations we consider nuclear matter with a Fermi
momentum kF of 1.4 fm
−1 and a starting energy ωNM = –80 MeV, which is a averaged value for the sum of the
single-particle energies of a bound nucleon and a Λ at this density.
Starting from this GY N–matrix in the RCM system, one can obtain the GY N–matrix in the laboratory system through
appropriate transformation coefficients [25,26]. With these coefficients, the expression for a two–body wave function
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in momentum space using the lab coordinates can be written as 1
|(kalajatza)(kblbjbtzb)JTz〉 =
∑
lLλSJ
∫
k2dk
∫
K2dK


la lb λ
1
2
1
2 S
ja jb J


×(−1)λ+J−L−SJˆ λˆ2jˆajˆbSˆ
{
L l λ
S J J
}
×〈klKL|kalakblb〉 |klKL(J )SJTz〉 ,
(2)
where the term 〈klKL|kalakblb〉 is the transformation coefficient from the RCM system to the lab system defined in
Refs. [27,28].
Typical matrix elements needed in the calculation are
〈(kalajatza)(nblbjbtzb)JTz|GY N |(kclcjctzc)(ndldjdtzd)JTZ〉 , (3)
for the Hartree–Fock diagram of Fig. 1(a), or
〈(kalajatza)(nblbjbtzb)JTZ |GY N |klKL(J )STz〉 , (4)
appearing in the second–order diagram of Fig. 1(b). The calculation of these matrix elements require the knowledge
of two–body states in a mixed representation with harmonic oscillator (h.o.) and plane wave states given by
|(nalajatza)(kblbjbtzb)JTz〉 =
∫
k2adkaRnala(αka) |(kalajatza)(kblbjbtzb)JTz〉 , (5)
where kalaja and nalaja are shorthands for plane wave and h.o. functions, respectively, and α is the oscillator
parameter which is set to 1.72 fm, a value which is appropriate to describe the single–particle wave functions of the
bound nucleons in 17Λ O, the system we are going to discuss. The quantum numbers la,b, ja,b and tza,b are the single–
particle orbital and total angular momenta and isospin projections, respectively. The two–body state is represented
by the quantum numbers of the total angular momentum J and isospin projection Tz.
Finally, we are then ready to set up the equations for the various diagrams evaluated in this work. The direct and
exchange contributions to the HF approximation, displayed in Fig. 1(a) and (b), yield a real and energy-independent
the self-energy. It is given as
VHF (kΛk′ΛlΛjΛtzΛ) =
1
jˆΛ
2
∑
J
∑
nhlhjhtzh
Jˆ2
× 〈(kΛlΛjΛtzΛ)(nhlhjhtzh)JTz|GY N |(kΛlΛjΛtzΛ)(nhlhjhtzh)JTz〉 , (6)
where xˆ =
√
2x+ 1 and nhlhjhtzh are the quantum numbers of the nucleon hole states. The variables lΛ, jΛ, tzΛ are
the orbital angular momentum, total angular momentum and isospin projection (tzΛ = 0) of the incoming/outgoing
Λ, and kΛ (k
′
Λ) the incoming (outgoing) particle momentum.
To calculate the contributions from the two–particle–one–hole (2p1h) diagrams like the example displayed in Fig. 1
(c) we evaluate the imaginary part first. The real part is obtained through the dispersion relation to be defined below.
The analytical expression for the imaginary contribution of the 2p1h diagram, which gives rise to an explicit energy
dependence of the self–energy, is
W2p1h(jΛlΛkΛk′ΛtzΛω) = −
1
jˆΛ
2
∑
nhlhjhtzh
∑
J
∑
lLSJ
∑
Y=ΛΣ
∫
k2dk
∫
K2dKJˆTˆ
× 〈(k′ΛlΛjΛtzΛ)(nhlhjhtzh)JTz|GY N |klKL(J )SJTz〉
× 〈klKL(J )SJTz|GY N |(kΛlΛjΛtzΛ)(nhlhjhtzh)JTz〉
× piδ
(
ω + εh − K
2
2(MN +MY )
− k
2(MN +MY )
2MNMY
−MY +MΛ
)
, (7)
1Note the distinction between ka and k and la and l. With the notation ka or la we will refer to the quantum numbers of the
single–particle state, whereas l or k without subscripts refer to the coordinates of the relative motion.
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where ω is the energy of the Λ measured with respect to the Λ rest mass. The single–hole energies εh are set equal
to the experimental single-particle energies in 16O. The quantities klKL(J )SJTz are the quantum numbers of the
intermediate Y N state. In the above sum over intermediate nucleon and hyperon states, we have to account for the
fact that the nucleon particle states should be orthogonal to the hole states. This is done following the local density
approximation for the orthogonalization of the intermediate nucleon particle states of Ref. [25].
The contributions to the real part of the self-energy from Eq. (7) can be obtained through the following dispersion
relation
V2p1h(jΛlΛkΛk′ΛtzΛω) =
P
pi
∫ ∞
−∞
W2p1h(jΛlΛkΛk′ΛtzΛω′)
ω′ − ω dω
′, (8)
where P means a principal value integral. Since W2p1h is different from zero only for positive values of ω′ and its
diagonal matrix elements are negative, this dispersion relation implies that the diagonal elements of V2p1h will be
attractive for negative values of ω. This attraction should increase for small positive energies. It will eventually
decrease and become repulsive only for large positive values of the energy of the interacting Λ.
The reader should observe that the Hartree–Fock contribution of Eq. (6) has been obtained with a Y N G–matrix cal-
culated in nuclear matter. Therefore, the Hartree–Fock contribution contains already 2p1h terms like those displayed
in Fig. 1(c), but calculated for nuclear matter. To avoid this double-counting of intermediate Y N states, we subtract
from the real part of the Λ self-energy a correction term
Vc(jΛlΛkΛk′ΛtzΛ) =
1
jˆΛ
2
∑
nhlhjhtzh
∑
J
∑
lLSJ
∑
Y=ΛΣ
∫
k2dk
∫
K2dKJˆTˆ
× 〈(k′ΛlΛjΛtzΛ)(nhlhjhtzh)JTz|GY N |klKL(J )SJTz〉
× 〈klKL(J )SJTz|GY N |(kΛlΛjΛtzΛ)(nhlhjhtzh)JTz〉
×Q(k,K)
(
ωNM − K
2
2(MN +MY )
− k
2(MN +MY )
2MNMY
−MY +MΛ
)−1
, (9)
where Q is the nuclear matter Pauli operator and ωNM is the nuclear matter starting energy.
In summary, the self–energy of the Λ hyperon reads
Σ(jΛlΛkΛk
′
Λω) = V (jΛlΛkΛk
′
Λω) + iW (jΛlΛkΛk
′
Λω), (10)
with the real part given by
V (jΛlΛkΛk
′
Λω) = VHF (jΛlΛkΛk′Λ) + V2p1h(jΛlΛkΛk′Λω)− Vc(jΛlΛkΛk′Λ) (11)
and the imaginary part by
W (jΛlΛkΛk
′
Λω) =W2p1h(jΛlΛkΛk′Λω). (12)
B. Solution of the Schro¨dinger equation
The self–energy of Eq. (10) can be used as a single–particle potential in a Schro¨dinger equation in order to investigate
bound and scattering states of a Λ in a finite nucleus. The different approximations to the self–energy, i.e. whether
we include the 2p1h contribution or not, results in different single–particle hamiltonians. The Schro¨dinger equation
is solved by diagonalizing the corresponding single–particle hamiltonian in a complete basis within a spherical box
of radius Rbox. The radius of the box should be larger than the radius of the nucleus considered. The calculated
observables are independent of the choice of Rbox, if it is chosen to be around 15 fm or larger. The method is especially
suitable for non–local potentials defined either in coordinate or in momentum space.
A complete and orthonormal set of regular basis functions within this box is given by
Φiljm(r) = 〈r|kiljm〉 = Niljl(kir)ψljm(θφ) (13)
In this equation ψljm represent the spherical harmonics including the spin degrees of freedom and jl denote the
spherical Bessel functions for the discrete momenta ki which fulfill
jl(kiRbox) = 0. (14)
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For the specific case of l = 0, which we will consider in this paper, the normalization constant is
Ni0 =
ipi21/2
R
3/2
box
. (15)
In this way, the basis functions defined in Eq. (13) are orthogonal and normalized within the box. The single particle
hamiltonian for the Λ, consisting out of the kinetic energy and the real part of the self–energy can be evaluated in
this basis and the resulting eigenvalue problem
Nmax∑
n=1
〈ki| k
2
i
2mΛ
δin + V (ω = EΥ) |kn〉 〈kn|Υ〉 = EΥ 〈ki|Υ〉 , (16)
restricted typically to 20 or 30 states, can be easily solved. Notice that a self–consistent process is performed for each
eigenvalue, i.e. the self–energy needs to be evaluated at the energy of the resulting eigenvalue. As a first result, one
obtains the negative energies for the bound states and the corresponding wave functions, which are expressed in terms
of expansion coefficients for the basis defined in Eq. (13). Furthermore, one also obtains discrete positive energies that
correspond to scattering states with radial wave functions which are zero at r = Rbox. Taking into account this fact
it is straightforward to evaluate the phase shifts for those energies. Phase shifts for different energies can be obtained
by varying Rbox, see e.g. the discussion in Ref. [25].
III. RESULTS AND DISCUSSION
The results presented in this section have been obtained with two potential models for the free Y N–interaction VY N ,
namely the Nijmegen soft–core potential described in Ref. [11] and the energy independent version with parameter
set B of the Ju¨lich group [12,13]. Both potential models are based on meson–exchange theory and include the relevant
low–energy mesons. However, contrary to what is the case for the nucleon–nucleon potential, not all parameters
which enter the definition of the various potential models, like coupling constants, are left as free parameters to
be constrained by the data. The Nijmegen model imposes SU(3) symmetry on the coupling constants leaving the
pseudoscalar F/D ratio α as a free parameter adjusted to fit the data (α = 0.355). Instead, the Ju¨lich model fixes
its value to α = 2/5 by imposing the stronger SU(6) symmetry. Thus, various potential models may give different
results for various observables.
As an example, we show in Table V the binding energy of the Λ at rest in nuclear matter at saturation density
(kF = 1.4 fm
−1). These results were obtained using a starting energy ωNM = −80 MeV, which is approximately the
sum of the single–particle energies of an average nucleon and a Λ in nuclear matter, and with the center–of–mass
momentum of the Y N pair at rest. We employ kinetic energies for the single–particle spectrum above the Fermi
momentum. The numbers displayed in Table V compare well with the nuclear matter calculations of Reuber et al.
[13] and Yamamoto et al. [18]. One can see that the Nijmegen potential predicts a binding energy for the Λ (–24.35
MeV), which is about 7 MeV weaker than the prediction of the Ju¨lich model (–31.48 MeV). Even larger differences
are observed if one inspects the contributions of the various partial waves. While for the case of the Ju¨lich potential
the predominant contribution to the binding energy results from the 3S1–
3D1 coupled channel, the largest term for
the Nijmegen potential is obtained in the 1S0 channel. In both interaction models a large part of the Λ binding energy
is due to the coupling of the ΛN to the ΣN channel. Neglecting this coupling (numbers listed in parenthesis) would
result in unbound Λ in the case of the Nijmegen potential.
The main purpose of this work, however, is to study the Λ self–energy in 17Λ O as well as the single–particle properties
that can be derived from it. Here we restrict our attention to the states with orbital angular momentum lΛ = 0.
Unless the comparison turns to be of interest, we will present results for the Ju¨lich interaction only, since it yields the
correct Λ binding energy in nuclear matter as obtained when extrapolating from A → ∞ to finite hypernuclei data
[29].
We first investigate the properties of the known bound state of an s–wave Λ in 17Λ O. In Table V we display the binding
energy, kinetic energy and root–mean–square radius of the Λ obtained by solving the Schro¨dinger equation for two
different choices of the self–energy. As can be seen from this table, both potentials give a bound state already at the
Hartree–Fock level. Recall, however, that the label Hartree–Fock approximation here refers to a calculation in terms
of the nuclear matter G–matrix. Similar to the case of nuclear matter the Nijmegen potential yields smaller binding
energies than the Ju¨lich model also for the finite system. This smaller binding energy predicted by the Nijmegen
potential also results in a larger radius for the bound Λ state and a smaller binding energy. This feature can also be
seen in Fig. 2, where we plot the corresponding Λ wave functions. For the sake of comparison we also plot the wave
function of a 0s1/2 nucleon in
16O taken from Ref. [26].
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The second–order correction introduces additional attraction, which can be understood from the following argument:
The total 2p1h contribution is given by V2p1h, see Eq. (8), minus the nuclear matter correction term Vc of Eq. (9).
Thus, Eq. (11) introduces the finite nucleus Pauli operator which is less restrictive than the nuclear matter Pauli
operator at kF = 1.4 fm
−1. Therefore, by allowing for a larger phase space in the sum over intermediate states, the
finite nucleus second–order contribution is more attractive than the corresponding nuclear matter result, producing
an overall attractive second–order correction. It is important to note that the final result (HF +2p1h) is stable with
respect to the use of different starting energies in the G–matrix. In other words, had we used a different value for the
starting energy, ωNM , the HF contribution to the Λ single–particle energy would have had a different value. However,
the 2p1h contribution would have also been different producing approximately the same final results as shown in Table
V.
One of the advantages of the present approach is that it also allows the study of scattering states. Since this is
traditionally done in terms of energy–dependent local potentials we now wish to investigate how well our non–local
self–energy obtained from Eq. (10) can be represented by a local potential. We start by analyzing the Hartree–Fock
contribution, which does not contain any explicit dependence on the energy of the incoming Λ. In this approximation
the non–locality arises to some extent from the non–local G interaction but mainly from the Fock exchange term
displayed in Fig. 1(b).
The localization of the self–energy is more easily discussed in r–space and therefore it is useful to consider the
Fourier–Bessel transform from the momentum space to r–space
VHF (l = 0, r, r′) = 2
pi
∫
k2dk
∫
k′
2
dk′j0(kr)j0(k
′r′)VHF (l = 0, k, k′) . (17)
We generate a local representation of VHF (l = 0, r, r′) by performing an average of the non–local potential over the
coordinate r′ weighted with the radial function of the lowest bound state, Υ1(r)
V locHF (l = 0, r) =
∫
dr′r′2VHF (l = 0, r, r′)Υ1(r′)
Υ1(r)
. (18)
This procedure ensures that the local potential V locHF (r) will give rise to the same bound state Υ1(r). Notice that the
absence of nodes in the lowest bound state guarantees the numerical stability of this prescription.
The results of this localization are represented by the solid line in Fig. 3. One can see that this local representation
might, in first approximation, be characterized by the shape of a Woods–Saxon potential
VWS(r) =
V0
1 + exp (r −R)/a , (19)
with parameters V0 = −22.40 MeV, R = 3.15 fm and a = 0.6 fm, shown by the dashed line of Fig. 3. These parameters
reproduce the binding energy of the Λ and yield an overlap with the wave function obtained with the Hartree–Fock
self–energy equal to 0.99994.
Having established the radial shape of the local effective Λ–nucleus potential for the bound state, we now proceed
to study the region of positive energies. By keeping R and a fixed, we allow for an energy dependent depth, V0(E),
chosen to reproduce the same phase shift at each energy as obtained with the non–local Hartree–Fock self–energy.
The depth of the Woods–Saxon potential is shown as a function of energy by the dashed line in Fig. 4. The behavior
of the Λ–nucleus potential as a function of energy or as a function of the asymptotic momentum k related to this
energy, can be characterized by an effective k–mass mk,Λ [30]
mk,Λ(E, r)
mΛ
=
(
1 +
mΛ
k
dV
dk
)−1
=
(
1 +
dV (E, r)
dE
)−1
. (20)
If we approximate the dashed curve in Fig. 3 by a straight line, we obtain a constant value of this effective mass
of about mk,Λ/mΛ = 0.8. Note that this value is a measure of the momentum dependence or non–locality of the
Hartree–Fock self–energy, which is the only source of the effective energy dependence for the local equivalent potential.
Beside this effective energy dependence, the second order contribution to the Λ self–energy, V2p1h, also yields an
explicit energy dependence, which is tied to the coupling to intermediate 2p1h states as shown in Eq. (7). The energy
dependence of this dispersive correction can be better visualized by calculating the expectation value of the second
order contribution to the self–energy in the lΛ = 0 ground state, 〈Υ1 | V2p1h(ω) + iW2p1h(ω) | Υ1〉. In Fig. 5 the
real and imaginary parts of the dispersive term of the self–energy are shown as functions of energy. The solid line
shows the results obtained with Ju¨lich potential while the dashed line corresponds to the Nijmegen potential. As can
be seen from this figure, the absolute value of the imaginary component W2p1h is slightly larger for the Nijmegen
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potential as compared to the Ju¨lich model at small energies ω. Therefore the dispersion relation of Eq. (8) leads to a
stronger energy dependence in the real part of the self–energy around ω = 0 in the case of the Nijmegen potential. It
is this energy dependence, which leads to the larger 2p1h correction for the bound state in the case of the Nijmegen
potential (see Table V).
The non–locality of the real part of the complete self–energy (see Eq. (11)) can also be characterized by a local
Woods–Saxon with an energy dependent depth, as done with the Hartree–Fock term. The energy dependence of this
depth is represented by the solid line of Fig. 4. The difference between the solid and dashed lines is a measure of the
non–locality and the explicit energy dependence of the dispersive correction. In the range of energies shown in Fig. 4,
the explicit energy dependence should provide attraction increasing with energy, as can be inferred from the real part
of the self–energy plotted in Fig. 5. This would imply that the depth V0 of the local equivalent potential representing
the whole self–energy should be more attractive than the one representing the Hartree–Fock approximation. However,
due to the non–locality of the second order terms (V2p1h−Vc), this attraction can clearly be seen in Fig. 4 only at higher
energies. The effective mass characterizing the explicit energy dependence as well as the momentum dependence of
the full self–energy can be represented as a product of a k–mass as defined in Eq. (20) and the energy-dependent mass
[30]. This total effective mass can be calculated approximately from the depth V0 of the local equivalent potential by
m∗Λ(E)
mΛ
=
(
1− dV0(E)
dE
)
. (21)
This effective mass is no longer constant in the range of energies considered in Fig. 4. The value of m∗/m ranges from
about 0.7 at low energies to 0.9 at energies above 50 MeV.
The real part of the Λ-nucleus optical potential for lΛ = 0 is shown as a function of r in Fig. 6 for several energies of
the incoming Λ. Our optical potential exhibits substantial differences with that of Ref. [23] obtained from a nuclear
matter G–matrix and the local density approximation employing the Nijmegen model D interaction. The Nijmegen
model D gives a nuclear matter Λ binding energy of −40.5 MeV, the attraction being concentrated mainly in the
3S1 −3 D1 channel [18]. It is therefore more similar to the potentials of the Ju¨lich group than to the Nijmegen
soft-core model. Figure 6 shows that in the energy range 5 − 60 MeV the depth of our optical potential changes by
about 10 MeV, whereas in a similar energy range the depth of the potential obtained in Ref. [23] (see their Fig. 4)
varies by about half as much. Moreover, our potential is much shallower. At ω = 40 MeV, for instance, we find a
depth of about −9 MeV while a value of −25 MeV is obtained in Ref. [23]. Only part of this attraction (about 5
MeV) can be attributed to the more attractive nuclear matter G–matrix obtained with the Nijmegen D model. Part
of the difference can also be attributed to the wider shape of our equivalent Woods–Saxon. We have tried narrower
Woods–Saxon potentials that still reproduce reasonably well the binding energy and wave function of the bound state,
but the depth at 40 MeV decreased at most by 3 MeV. The remaining difference must be attributed to the different
methods used and, therefore, we can conclude that the finite nucleus calculation presented here gives a substantially
less attractive optical potential than the local density calculation of Ref. [23].
The imaginary–part of the self-energy W2p1h as calculated from Eq. (7) is also non–local. To obtain a local represen-
tation we follow the same procedure as for the real part shown in Eq. (18). The resulting imaginary part of the Λ–16O
optical potential is shown in Fig. 7 for various values of the incoming Λ energy. The imaginary part becomes deeper
with increasing energies and it changes from a slightly surface–peaked shape at 40 MeV (although not very well visible
in the scale of Fig. 7) to a center–peaked shape at 105 MeV. These features were also observed in the results of Ref.
[23] although, again, we obtain a much shallower depth for the imaginary part of the Λ optical potential. At 40 MeV,
for instance, we obtain a depth of about −0.2 MeV while the value obtained in Ref. [23] is −2.4 MeV.
From this analysis we conclude that, in order to derive hypernuclear properties, microscopic calculations of the effective
interaction must be combined with a reliable treatment of the finite hypernucleus under consideration since the single–
particle Λ properties (single–particle energy, wave functions, optical potential) are sensitive to the particular model.
This is especially relevant at present for the analysis of the high resolution hypernuclear spectroscopy experiments
which are going to be conducted at CEBAF.
IV. CONCLUSIONS
In this work we have calculated the self–energy of a Λ in the finite nucleus 17Λ O using a microscopic many–body
approach which allows to study the energy dependence as well as the momentum dependence of the self–energy for a
finite nucleus, starting with realistic modern potential models for the hyperon–nucleon (YN) interaction. As models
for the YN–interaction we have used the meson–exchange models of the Nijmegen [11] and Ju¨lich groups [12]. The
Ju¨lich potential yields a more attractive Λ single–particle energy in nuclear matter than the Nijmegen potential. The
same qualitative pattern is repeated in the finite nucleus calculation, where the single–particle energy for a Λ in the
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0s1/2 state in
17
Λ O is −11.83 MeV and −7.38 MeV with Ju¨lich and Nijmegen potentials, respectively. The experimental
estimate from Ref. [29] is −12.5 MeV. The self–energy is in turn used to derive an optical potential for the Λ–nucleus
system. It turns out that the real and imaginary parts of our non-local optical potential can easily be approximated
by the shape of a Woods–Saxon potential with a depth depending on energy. This local equivalent potential is less
attractive than those derived from the local–density calculation of Ref. [23].
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TABLE I. Partial wave contributions to the binding energy of the Λ in nuclear matter for the Ju¨lich and Nijmegen potentials
at Fermi momentum kF = 1.4 fm
−1. Numbers in parentheses refer to the case when the coupling to intermediate ΣN is omitted
in the calculation of the ΛN G–matrix. The total numbers include partial waves with total angular momentum J ≤ 4. All
entries in MeV.
1
S0
3
S1–
3
D1
3
P0
1
P1–
3
P1
3
P2–
3
F2 Total
Ju¨lich -0.6 -33.95 0.59 3.04 0.093 -31.48
(1.61) (-19.98) (0.62) (3.31) (0.25) (-11.93)
Nijmegen -14.99 -8.17 0.37 3.54 -3.88 -24.35
(-13.84) (13.63) (0.43) (4.36) (-2.92) (0.57)
TABLE II. Single–particle energy (εΛ), mean–square radius (rms) and kinetic energy (T ) for a Λ in the 0s1/2 state of
17
Λ O.
The results are given for the Ju¨lich and Nijmegen potentials and for two approximations to the self–energy: the Hartree–Fock
(HF) and the Hartree–Fock plus the two–particle–one–hole diagram (HF+2P1H). Energies are in units of MeV and rms in
units of fm.
Ju¨lich Nijmegen Exp
HF HF+2P1H HF HF+2P1H
εΛ -10.15 -11.83 -4.76 -7.38 -12.5 [29]
T 6.43 6.49 4.43 5.08
rms 2.49 2.47 3.04 2.80
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(a) (b) (c)
Λ,Σ
FIG. 1. Diagrams through second order in the interaction GY N (wavy line) included in the evaluation of the self–energy of
the Λ. Diagrams (a) and (b) represent the direct and the exchange Hartree–Fock terms, while (c) is an example of the second
order two–particle–one–hole diagram. Note that the double external lines represent a Λ while the “railed” line in (c) refers to
a intermediate Λ and Σ hyperon.
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FIG. 2. Wave function in r–space for the Λ in the 0s1/2 state in
17
Λ O for the Ju¨lich (solid line) and the Nijmegen (dashed
line) potentials. For comparison we include the single nucleon wave function (dash–dotted line) in 16O from Ref. [26].
12
FIG. 3. Local single–particle potentials for a Λ in the 0s1/2 state in
17
Λ O employing the Ju¨lich potential. Solid line represents
the results obtained from Eq. (19) while the dashed line is the result obtained with the Woods–Saxon parametrization discussed
in the text.
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FIG. 4. Energy dependence of the depth of the Λ–nucleus Woods–Saxon potential for a Λ in the l = 0 state employing the
Ju¨lich potential. The dashed line shows the depths resulting from fitting the phase–shifts to those obtained by including only
the Hartree–Fock diagram to the self–energy. Solid line is obtained by including also the two–particle–one–hole diagram in the
evaluation of the self–energy.
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FIG. 5. Ground state expectation value of the real and imaginary parts of the dispersive term of the Λ self–energy as
functions of ω. Solid lines are results obtained with the Ju¨lich potential while dashed lines are those of the Nijmegen potential.
15
FIG. 6. Local Λ–nucleus Woods–Saxon potential at different Λ energies for a Λ in the l = 0 state.
16
FIG. 7. Imaginary part of the optical potential at different Λ energies for a Λ in the l = 0 state.
17
